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Abstract. We presentan automatedrun-timeoptimisationframework that can
improvetheperformanceof distributedapplicationswrittenusingJavaRMI whilst
preservingits semantics.
Java classesare modified at load-timein order to interceptRMI calls as they
occur. RMI calls arenot executedimmediately, but aredelayedfor as long as
possible.Whena dependenceforcesexecutionof the delayedcalls, the aggre-
gatedcalls aresentover to the remoteserver to be executedin onestep.This
reducesnetwork overheadandthequantityof datasent,sincedatacanbeshared
betweencalls.Thesequenceof callsmaybecachedon theserversidealongwith
any known constantsin orderto speedup futurecalls.A remoteserver mayalso
make RMI callsto anotherremoteserver on behalfof theclient if necessary.
Our resultsshow that the techniquescanspeedup distributedprogramssignifi-
cantly, especiallywhenoperatingacrossslower networks.We alsodiscusssome
of thechallengesinvolved in maintainingprogramsemantics,andshow how the
approachcanbeusedfor moreambitiousoptimisationsin thefuture.

1 Intr oduction

Frameworksfor distributedprogrammingsuchastheCommonObjectResourceBroker
Architecture(CORBA) [9] andJavaRemoteMethodInvocation(RMI) [12] aimto pro-
vide a location-transparentobject-orientedprogrammingmodel,but do not completely
succeedsincethe cost of a remotecall may be several ordersof magnitudegreater
thana localcall dueto marshallingoverheadsandrelatively slow network connections.
This meansthatdevelopersmustexplicitly codewith performancein mind, leadingto
reducedproductivity andincreasedprogramcomplexity.

The usualapproachto optimisingdistributedprogramsin generalhasbeento op-
timise the connectionbetweenthe communicatinghosts,fine-tuningthe remotecall
mechanismandthe underlyingcommunicationprotocol to cut the overheadfor each
call to a minimum.Althoughthis leadsto a generalspeed-up,it doesnot helptheper-
formanceof programsthatareslow dueto their structure(e.g.usingmany fine-grained
methodsinsteadof a few coarse-grainedmethods).Our approachtowardssolvingthis
problemhasbeento considerall communicatingnodesaspart of onelarge program,
ratherthanmany disjoint ones.

We delaytheexecutionof remotecallson theclient for aslong aspossibleuntil a
dependency onthedelayedcallsblocksfurtherprogress.At thispoint,thedelayedcalls
areexecutedin onestep,afterwhich theblockedoperationmayproceed.By delaying



the executionof remotecalls,we build up a knowledgeof the context in which calls
weremadeontheclient.Thisenablesusto find opportunitiesfor optimisationsbetween
callsthatwould havebeenlost hadthecallsbeenexecutedimmediately.

1.1 Contrib utions

– We presentanoptimisationtool which canimprove performanceof Java/RMI ap-
plicationsby combiningstaticanalysisof applicationbytecodewith run-timeopti-
misationof sequencesof remoteoperations.This tool operateson unmodifiedJava
RMI applications,andrunson astandardJVM.

– By aggregatingsequencesof remotecalls to the sameserver, the total numberof
messageexchangesis reduced.By avoiding redundantparameterandresulttrans-
fers, total amountof datatransferredcanalsobereduced.Whencalls to different
serversareaggregatedtogether, resultscanbeforwardeddirectly from oneserver
to another, bypassingtheclient in somecases.

– Weshow how run-timeoverheadscanbereducedby cachingexecutionplansat the
servers.

– We demonstratetheuseof thetool usinga numberof examples.

The framework presentedhere provides the basisfor a programmeof research
aimedat extendingaggressive optimisationtechniquesacrossdistributedsystems,and
deploying the resultsin large-scaleindustrialsystems.We concludewith a discussion
of thepotentialfor thework, andthechallengesthatremain.

1.2 Structur e

We begin in Section2 with a discussionof relatedwork. We thencover the runtime
optimisationframework usedto implementouroptimisationsat a high-level in Section
3. We proceedto cover the optimisationsperformedin Section4, andthe challenges
involvedin maintainingthesemanticsof theoriginal applicationin Section5. We then
presentsomeperformanceresultsin Section6 andfinishoff with somesuggestionsfor
futurework in Section7 andconcludein Section8.

2 RelatedWork

Most work on optimising RMI hasconcentratedon reducingthe run-time overhead
of eachremotecall by reducingthe amountof work doneper-call or by usingmore
lightweight network protocols.Examplesinclude the UKA serialisationwork [14],
KaRMI [13], andR-UDP [10]. Similar work hasbeendoneon CORBA by Gokhale
andSchmidt[7].

AsynchronousRPC[11, 15] aimsto overlapclient computationwith communica-
tion and remoteexecution,replacingresultswith ‘promises’,which block the client
only whenactuallyused.

A moreambitiousapproachis the conceptof cachingthe stateof a remote-object
locally [10]. Thisworkswell providedthatmostoperationsoncachedobjectsarereads.



However, a write operationincurs high penaltiesfor all usersof the cachedobject,
sincethe client hasto wait for invalidationof all copiesof the objectto finish before
proceeding.The first requestfor invalidateddatawill alsoincur an extra delayasthe
server fetchesit from theclient thatperformedthelastupdate.

A later implementationof remote-objectcaching[5] implementsthe notion of re-
ducedobjectswhereonly a subsetof the remote-objectstateis cachedon the server.
Thesubsetthat is cacheddependson the propertiesof the invokedmethods— e.g.if
a calledmethodonly accessesimmutablevariables,thenthosevariablescanbecached
on theclientwithout needingto dealwith consistency issues.

Neitherof theseapproachesto RMI optimisationconflict with our aggregationop-
timisations,and althoughwe have not doneso ourselves, theseoptimisationscould
theoreticallybecombined.It maybearguedthatouroptimisationsaremaderedundant
undercertaincircumstances(e.g.if theaggregatedcallsarecachedlocally).

Theconceptof aggregatingnumeroussmalloperationsinto asinglelargeroperation
is veryold, andappearsin numerousothercontexts,especiallyin thehardwaredomain.
In thecontext of RPCmechanisms,conceptssuchasstoredproceduresin databasesys-
temsor commandsin IBM’ s SanFrancisco[3] projectarealsocapableof aggregating
calls, but theseare explicit mechanisms.Implicit call aggregation is much rarer and
harderto implement.Oneexamplewould be theconceptof batchedfutures[2] in the
Thordatabasesystem.

3 The VeneerFramework

TheRMI optimisationsarebasedon top of Veneer, which is a generalisedframework
thatwehavedevelopedfor thepurposeof easingthedevelopmentof run-timeoptimisa-
tion techniques.This framework is written in standardJava,usingtheBCEL [4] library
for bytecodegenerationandthe Soot[16] library for programanalysis.Veneeris not
tied to any particularJVM implementation,which is essentialsinceit is likely beused
in aheterogeneousenvironment.Wereferto Veneerasa‘virtual JVM’, sinceit behaves
likea highly configurableJavavirtual machine,withoutactuallybeingone.

Theframeworkpresentsasimplifiedmodelof theJavarun-timeenvironment,work-
ing with whatappearsto beasimpleinterpreter, calledanexecutor. A basicexecutoris
shown in Figure1, which executesa methodwith no modificationswhatsoever.

Whena methodthat we are interestedin is called,control passesto our executor
insteadof theoriginalmethod.Theexecutoris initialisedwith anexecutionplan, which
is essentiallya control-flow graphof themethod,with executablecode-blocksforming
the nodes.The executorsits in a loop which executesthe currentblock, thensetsthe
currentblock to thenext block in line to beexecuted.

Thepowerof this framework lies in thefact thattheplanis a first-orderobjectthat
we canchangewhile theexecutoris still running,effectively modifying thecodethat
will be executed.The executorhasfull control over the processof methodexecution
betweenblocks,suchthatwecanperformoperationssuchasjumpingto arbitrarycode-
blocks,modifying local variablesor timing operationsif necessary.

We minimisethe interpretive overheadby delegatingasmuchwork aspossibleto
theunderlyingJVM, andby makingthecode-blocksascoarseaspossible.Thereis also



anoptionto permitblocksto runcontinuouslywithoutreturningto theexecutor, though
certainblock typeswill alwaysforcea return.

Themappingof byte-codeto code-blocksin theplanandthemethodsaffectedby
our framework aredeterminedby a plug-in policy class.Thepolicy classalsocontains
numerouscall-backmethodsthatareinvokedoncertainevents,suchastheinitial load-
ing of aclass.

public class BasicExecutor extends Executor{
public int execute() throws Exception {

while (block != null
&& !lockWasReleased()) {

int next = -1;

try {
next = block.execute(this);
block = plan.getBlock(next);

} catch (ExecuteException e) {
// Pass control to exception handler
block = plan.getExceptionHandler(e);

// Propagate exception if no handler
if (block == null)

throw e.getException();

locals[1] = e.getException();
}

}

return next;
}

}

Fig.1. Structureof a basicexecutor

4 Optimisations

In thissectionwedetailtheRMI optimisationsthathavebeenimplemented.Theexam-
plesusedto illustratetheoptimisationsaredeliberatelysimplifiedfor clarity.

4.1 Call Aggregation

Delayingcalls to form call aggregatesis thecoretechniqueuponwhich this projectis
based.It is animportantoptimisationin its own right, andfurthermorecanalsoopenup
furtheroptimisationopportunities.For example,considerthefollowing codefragment:



void m(RemoteObject r, int a) {
int x = r.f(a);
int y = r.g(x);
int z = r.h(y);

System.out.println(z);
}

This programfragmentincurs threeremotemethodcalls, with six datatransfers.
However, for thisexample,wecando better:

– Sinceall threecalls areto the sameremoteobject,they canbe aggregatedinto a
single large call, suchthat the numberof times that call overheadis incurredis
reducedto one(seeFigure2).

– x is returnedastheresultof thecall to f from theremoteserver, but is subsequently
passedbackto it during the next call. Thesameoccurswith the variabley. If the
valuesof x andy wereretainedby theremoteobjectbetweenremotemethodcalls,
thenthenumberof communicationscouldbereducedfrom six to four.

– Thevariablesxandyareunusedby theclientexceptasargumentsto remotecallson
theremoteobjectfrom which they originated.x andy maythereforebeconsidered
asdeadvariablesfrom theclient’spointof view, andthereis noneedfor theirvalue
to bepassedbackto theclient at all, therebyfurther reducingthe total numberof
remotetransactionsdown to just two messageswith payloadsof sizeint.

Client

f

g

h

Server

With call
aggregation

No call
aggregation

Fig.2. Exampleof call aggregation

Client-side Implementation We have createda Veneerpolicy thatonly affectsmeth-
ods that are statically determinedto containpotentially remotemethodcalls. Calls
are deemedto be potentially remoteif they are invoked via an interface,and have
java.rmi.RemoteException or one of its super-classeson the throw list. A
run-time check is later usedto ensurethat the potential remotecall is actually re-
mote.Notethatit is not sufficient just to checkthat thereceiverof thecall implements



java.rmi.Remote sincethe objectcould be invokeddirectly insteadof via RMI,
andsomeremotecalls may be missedif we aresuppliedwith a non-remoteinterface
thatis actuallya remoteobjectthatimplementsa remotechild of our interface.

Theclient runsunderthecontrolof theVeneerframework usingthis policy. If the
executorencountersa confirmedremotecall during the courseof execution,then it
placesthe call within a queueandproceedsto the next instruction.Sequencesof ad-
jacentcalls to thesameremoteobjectaregroupedtogetherinto remoteplans. Remote
plansalsocontainmetadataregardingthecalls,suchasvariablelivenessanddatade-
pendencies.Calls to otherremoteobjectswill not forceexecutionunlessthe targetof
thecall is definedby apreviousdelayedcall, leadingto acontroldependency. However,
eventhis conditionis relaxedby server forwarding,detailedin Section4.2.

Whenanon-remoteblockis encounteredwith delayedcallsremainingin thequeue,
a decisionhasto bemadewhetheror not to forceexecutionof thecalls. In general,it
is safeto executethe currentblock without forcing if thereareno dependenciesbe-
tweenthecurrentinstructionandthedelayedoperations.If dependenciesexist or if it
is impossibleto tell, thenwe mustforceexecution.

We detectdatadependenciesby noting attemptsto accessdatareturnedby RMI
calls.Sincethe resultsof RMI callsareconstructedby deserialisingthedatareturned
by theserver, therecanbeno otherreferencesto thereturneddataexceptfor the local
that the result of the remotecall was placedin. We thereforeregard local codethat
accesseslocalsthatshouldcontainthe resultsof RMI callsasbeingdependenton the
delayedcalls.

Thisschemeis ratherconservative,suchthatevensimpleassignmentsfrom onelo-
calvariableto anothercanforcetheexecutionof thedelayedplans.Wehopeto improve
this in thefutureusingimprovedstaticanalysis.Also, it cannotdetectindirectdatade-
pendencies— for example,if theRMI call modifiesa remotedatabasewhichtheclient
proceedsto accessusinganotherAPI, thenthataccesswill go unnoticed.

Whenexecutinglocalcodein thepresenceof delayedremotecalls,wemustensure
thatthevariablesusedby thedelayedcallsarenot overwrittenor modifiedby thelocal
code.This is doneby makingacopy of all localssuppliedto thedelayedcallsthatmay
betouchedby thelocal code.

On forcing execution,the queueof delayedremoteplansis traversed,with plans
beingsentone-by-one,alongwith thesetof datausedby theplan,to thecorresponding
remoteproxyon theserver-sidevia standardRMI invocationto beexecuted.Theproxy
call mayeitherreturnsuccessfullyor throw anexception.

If the call returnssuccessfully, thenthe variablesdefinedby the plan that arestill
live arecopiedback into the localssetof the executingmethod.If an exceptionwas
thrown, thentheexecutorgoesthroughthenormalprocessof finding a handlerfor the
exceptionwithin themethod,andpropagatingit up thecall chainif oneis not found.

The sameVeneerpolicy also runs a remoteproxy server on startup,which first
registersitself in anamingservicevia JNDI.Theproxykeepstrackof all remoteobjects
presenton the JVM by insertinga small callbackinto the constructorsof all remote
classesat loadtime1.

1 This may leadto a potentialsecurityhole sincethis mayoccurbeforethe remoteobjecthas
beenexportedfor remoteaccess



Clients obtain handlesto proxiesusing the standardnamingservicesvia JNDI.
Whena client first encountersa new remotestub,it broadcastsit to all known prox-
ies.The proxy that handlesthe remoteobjectdenotedby the stubwill identify itself.
Remoteplanscontainingcalls on that stubwill subsequentlybe sentto the identified
proxy. Thestub-to-proxymappingis cachedon theclient for speed.

Remoteplanssentto theproxyareexecutedby anexecutor, whichsimply executes
the calls one-by-one.The callsaremadedirectly on the remoteobjectratherthanvia
anotherRMI invocation.However, caremustbe takendueto thesemanticdifferences
betweenlocal andRMI calls(seeSection5.1).

Whenfinished,theproxyonly sendsthevariablesthatarelive in theclientprogram
at thepoint whereexecutionwasforced.The live setis calculatedusingthemetadata
suppliedwith theremote-calls.

4.2 Server Forwarding

Server forwardingtakesadvantageof thefact thatserverstypically resideon fastcon-
nections,whilst theclient-server connectioncanoftenbeordersof magnitudeslower.
Considerthissequenceof calls:

x = r1.f();
y = r2.f();
z = r3.f(x,y);

The first two methodsinvoked on r1 and r2 arereturningobjectsthat aresubse-
quentlyusedasargumentsto a methodon anotherremoteobjectr3. In this situation,
theclient is actingasarouterfor messagesbetweenr1, r2 andr3. It wouldbebetterfor
r1 andr2 to communicatewith r3 directly, suchthatno constraintsaresetasto which
pathis taken betweenthe two servers.Also, if x or y aredead,thenthey neednot be
returnedto theclient.

Forwardingis alsonecessaryfor efficientaggregationof factorypatterns.e.g.

a = r.newObject();
b = a.f();

Without forwardingin place,we would needto forceafterthecall to newObject
becausea is usedasthereceiver for thenext remotecall — without knowing thevalue
of a, we wouldnot whereto sendtheremoteplan,or whatobjectto invoke f on.

Implementation Serverforwardingis implementedontopof call aggregationin apre-
processingstepjust beforeexecutionon theremoteproxies,by groupingremoteplans
on differing remoteobjectstogether. Whena remoteproxy encountersa plan that is
handledby anotherremoteproxy, it will forwardtheplanontothatproxyautomatically.

At present,theremoteplansarecomposedof straight-linesequencesof remotecalls
to thesameobjectbundledtogether. Wewill referto theseunitsascall clusters. Weuse
thefollowing heuristicsto decidewhento groupclusterswith differingdestinations:

– Plansthataredeliveredto thesameremoteproxyshouldbegroupedtogether



x = r1.f()

y = r2.f()

z = r3.f(x,y)

y = r2.f()x = r1.f()

z = r3.f(x,y)

z = r3.f(x,y)y = r2.f()x = r1.f()

a)

b)

c)

Fig.3. Implementationof call forwarding:a)Arcsareplacedbetweenthecallsto r1–r3andr2–r3
(dueto datadependence)andr1–r2(dueto co-location),b) Currentclusteris thecall to r1 — we
appendthecall to r2 dueto ther1–r2arc,c) Currentclusteris thecall to r2 — we prependthe
call to r3 dueto ther2–r3arc

– Plansthataredatadependenton oneanothershouldbegroupedtogether

We aim to achieve thesegoalswhilst preservingthe relative orderingof the calls.
First, we build up a graphfrom thelist of call clusters,with anarcbetweennodesthat
havea data-dependenceor sharea remoteproxy. We thenprocessthedelayed-planlist
in order, cluster-by-cluster.

We start by checkingif thereis an arc from the currentclusterto its immediate
successor. If thereis, then we appendit to the currentplan. If thereis not, thenwe
checkfor anarcbetweentheparentof thecurrentclusterandthesuccessor, appending
to theparentplan if thereis. We repeattheprocessuntil thecheckeithersucceeds,or
thereareno moreparentsleft to check.At thatpoint, theprocessis repeatedwith the
successorclusterasthe currentplan.This processrepeatsuntil we have processedall
theclusters.

Whena remoteplanB is appendedto a remoteplanA, a checkis first madeasto
whetherplan A is a call cluster. If it is, thena new plan is createdandplansA and
B insertedinto it, in that order, as children, taking the placeof the original plan A.
If not, then B is insertedas the youngestsibling of A (i.e. B will be executedafter
anything alreadyin A will be).Theoverall effect is that theplansform a multi-rooted
treestructure,with call clustersappearingat the leaves.Plansthatcontainotherplans
arealwayssentto thehandlerof theoldest(i.e. first to beexecuted)sub-plan.

The algorithmcurrently givesequalpriority to arcsdue to co-locationand those
dueto data-dependencies.It is possibleto prioritise onetype of arc by processingall
instancesof that typefirst whentraversingthroughtheplanhierarchy, followedby the
othertype.

We illustratetheprocessin Figure3 usingthepreviousexample,assumingthat r1
andr2 aretargetedat thesameproxy server.



4.3 Plan Caching

Theseoptimisationsincur asubstantialoverheaddueto factorssuchas:

– Overheadof theVeneerruntime
– Maintenanceof dependenceinformationfor delayedcalls
– Pre-processingfor server-forwarding
– Transmissionof remoteplansandmetadata

We can reducesomeoverheadby cachingplanson both server andclient sides.
Insteadof building upremoteplansby delayingcallsasweencounterthem,wereplace
theremotecallswith theremoteplansbuilt upby delayingthosecallspreviously. When
theexecutorencountersthese,it cansimplyplaceit directlyontotheremoteplanqueue
with minimal overhead.

We canonly do this for adjacentclustersof remotecalls ratherthan the merged
remoteplansbecausethepatternof remotecallsmight not occurnext time.For exam-
ple, considerFigure4. During thefirst iteration,r.f, r.g andr.h will beaggregated,but
it would not be valid to replacer.f with the aggregatedcall becausethe next iteration
would resultin r.f, r.g andr.i beingaggregated.However, it is safeto replacer.f andr.g
with theaggregatesincethesealwaysoccurtogether.

We canalsotake advantageof the fact that the server hasseenthe plan beforeto
implementa form of datacompression.Theservercankeepacachedcopy of theplans
that it receives,returningan identifier associatedwith the cachedplan to the client.
Theclient from thatpoint cansimply usetheidentifier to refer to theplan,ratherthan
sendingtheentireplanevery time.

for (int i = 0; i < 1000; i++) {
r.f();
r.g();
if (i % 2 == 0)

x = r.h();
else

x = r.i();
System.out.println(x);

}

Fig.4. Exampleof a loop thatresultsin a differentremoteplanonevery iteration

Client-sideImplementation Ontheclientside,wemaintainalist of newly constructed
call clusters.After theplansareexecuted,theclustersareincorporatedinto themethod
plan,suchthat for eachcluster, all pathsleadingto the first call in the clusterarere-
routedto thecluster, andthesuccessorof theclustersetto thesuccessorof thelastcall
in thecluster. Theembeddedremoteclustersaredelayedsimilarly to remotecallswhen
encountered,thoughwithout theprocessingrequiredto constructtheplan.



After a plan is executed,a list of cacheIDs is returnedby theserver proxy. Cache
IDs associatedwith call clustersareassigneddirectly to theembeddedremoteclusters.
The cacheIDs belongingto compoundplans(plansconsistingof clustersandother
compoundplans)arestoredin a globalcache,which associatesa cachepatternwith a
cacheID. Thecachepatternis generatedby traversingthechildrenplansof thecurrent
planpre-order, addingthecacheID of theplansencounteredaswe progress.

ThecacheIDs for all plansarestoredasahash-mapfrom remoteserverto thecache
ID for thatserver. In all plans,we retainahandleto thelastremoteserverusedandthe
cacheID associatedwith thatserver. If theplanis invokedagainonthesameserver, we
canre-usethecacheID andavoid a hash-maplookup.

Whentheplanshavebeengroupedandareaboutto besentto theserver, weattempt
to sendcacheIDs in preferenceto theentireplanwheneverpossibleusingthefollowing
algorithm,startingat theroot of thetree:

– If theplanis anembeddedcluster, weusetheassociatedcacheID from theembed-
dedclusterdirectly.
� If thecacheID is found,thenthatis usedin placeof theplan� If thereis no cacheID, thenwemustsendtheentireplan

– If theplanis compound,we:

1. Computethecachepatternof theplan
2. LookupthecacheID in theglobalcache

� If a cacheID is found,thenit is usedin placeof theplan� If no cacheID is found,thenwe:

1. Repeatthealgorithmfor eachchild of theplan
2. If thereis a cacheID for thechild, thenusethatin placeof thechild plan

Server-sideImplementation On theserver side,the remoteproxy maintainsa cache
of encounteredplans,indexedby an integer identifier. If a remoteplancontainingun-
cachedentitiesis executed,we cachetheuncacheditemsandreturnanarrayof cache
IDs for theoverallplan.Sincetheremoteplanformsa treestructureknown by boththe
server andclient during the call, cacheIDs arereturnedto the client asa flat arrayof
integersby performingapre-ordertraversalof theremoteplan,returningthecacheIDs
asthe nodesareencountered.The client usesthis information to allocatethe correct
IDs to thecorrectclusters.

5 Maintaining Semantics

Theoptimisationsmayhave changedsomeof theapplicationsemanticsdueto thedif-
ferencebetweenexecutingcalls remotelyandlocally. In this section,we identify and
suggestsolutionsto someof theproblemsthatarise.



5.1 Differ encesbetweenLocal and RemoteCalls

A local call anda remotecall differ in the way that they passobjectsasparameters.
Localcallsreceivetheirparametersby reference,whereasremotecallsreceivethemby
copy. Considerthefollowing codefragment,wherer is a remoteobject:

a = r.f(x);
b = r.g(x);

Sincetheargumentsto thecall aremarshalled,usinglocal referencesemantics,this
would beequivalentto:

x’ = x.clone();
a = r.f(x’);
x’’ = x.clone();
b = r.g(x’’);

Notethatwhateverf doesto � � is notpropagatedto � or � � � , andsimilarly theeffects
of g on � � � arenot propagatedto � . However, by aggregatingcalls,theoriginal codeis
transformedto theequivalentof:

x’ = x.clone();
a = r.f(x’);
b = r.g(x’);

Now, althoughthe effectsof f andg on � � still do not affect � , the effect of f on
� � will affect the functioningof g. It is thereforeonly safeto aggregatethe two calls
without copying theparameterif we canbesurethat f doesnot changethevalueof its
parameter.

An additionalcomplicationis the fact that marshallingpreservessharingbetween
objects.For example,considerthefollowing code:

x.a = y;
r.f(x, y);
r.g(x, y);

If we denotethe argumentsreceivedby f as � � and � � , andthosereceivedby g as
� � � and � � � , thenunderconventionalRMI, thefollowing propertiesshouldhold:

� ���� � � � (1)

� � �� � � � (2)

� ��� 	
�� � � ��� 	 (3)

� � � 	 � � � (4)

� � ��� 	 � � � � (5)

This rulesout copying theargumentsseparately, sincethesharingrelationshipde-
notedby equations4 and5 would bebroken.
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Fig.5. Effect of sharingunderobjectmarshalling— this sharingstructurecannotbemaintained
by copying theparametersoneat a time

Copying Using Serialisation An easyway to properlycopy parametersto a method
call is for theserver to constructanarraycontainingthevariablesneededfor thenext
call, serialiseit, immediatelydeserialisethe byte-streaminto a new array, andsupply
thenew arrayto thecall.

Although this techniquealsoincursan extra cycle of serialisationanddeserialisa-
tion, it is still somewhatmoreefficient thanthe simplertechniqueof usingRMI calls
locally on the server sidesinceit avoids the overheadincurredby going throughthe
stubandskeleton.

Avoiding Ar gumentCopying An argumentto aremotemethodcall neednotbecopied
if any of thefollowing aretrue:

– Theargumentis immutable
– All objectsreachablevia theargumentaredeadafterthecall
– Themethodis guaranteednot to modify theargument

We have currently implementedsomesimplechecksfor a subsetof the first two
conditions.We specificallycheckfor commonobject typesthat areknown to be im-
mutable,suchasinstancesof java.lang.String .

Wealsointroducethenotionof ‘flat-types’,whicharetypesthatdonotcontainany
references.Theseincludecommontypessuchasarraysof primitivetypessuchasint .
If only flat-typesareusedfor the currentandsubsequentcalls, thenif an argumentis
deadandis not aliasedby any otherargument(which canbedonesimply by checking
if any of the other argumentsareequalto it), thenwe can safelyavoid copying the
argument.

5.2 Call-backs

WhenusingJava RMI, it is perfectlypossiblefor a client to actasa remoteserver, and
vice-versa.This createsthepossibility for a call-backmechanism,wherea call by the
clientto theserverwill resultin theservercallingtheclient.Thiscancreateconsistency
problemswhendelayingcalls.

Considera scenariowherethe server s hasmanagedto obtaina stubto a client c
thatalsoactsasaserver(seeFigure6). Whenc callss.f(x) , s makesuseof thestub
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Fig.6. Thecallbackproblem

to call themethodc.r , whichhastheeffectof modifying theobjectreferencedlocally
on c by x . SinceRMI callsaresynchronous,if g(x) is subsequentlycalled,thevalue
of x shouldhavebeenchanged.

This causesa problemwhenaggregatingcalls,sincethe valueof x that is sentto
the server and subsequentlyoperatedon by g will be that of the unchangedobject.
However, sincetheclient c generallydoesnot know how theserver s is implemented,
it cannottell in advanceif s will modify x via f or not. If we ignoretheproblem,then
g will endup usingtheold valueof x .

A PossibleLoophole It couldbearguedthatwecouldsimplyignoretheproblemdueto
theJavamemorymodelin theabsenceof explicit synchronisation.In theJavalanguage
specification[8], theexamplein 7 is given:

class Simple {
int a = 1, b = 2;

void to() { a = 3; b = 4; }
void fro() {

System.out.println("a=" + a +
", b=" + b);

}
}

Fig.7. Exampleto illustrate behaviour of threadsaccessingsharedmemoryin the absenceof
synchronisation(from Java languagespecification)

If to andfro arecalledfrom differentthreads,thena mayequal1 or 3 andb may
equal2 or 4 independently.Thisis trueevenif fro executesafterto hasfinished,since
thereis no obligationfor to to write its changesbackinto mainmemoryimmediately
without theuseof synchronisation.

Sincea callbackmustexecutein a differentthreadfrom the original caller (since
thecaller is blockedby theunfinishedRMI call), theeffectsof thecallbackmight not



beimmediatelynoticeableby thecaller, in theory. In practicethis doesnot happendue
to theimplementationof RMI flushingtheupdatesto mainmemory, but theRMI speci-
fication[12] itself doesnotmandatethis— in fact,it doesnotmentionsynchronisation
issuesat all.

ProposedSolution If we wish to ensurethat theeffectsof callbacksarevisible, then
wecanmodify theexistingprotocolto doso.Therearetwo mainapproachesto solving
theproblem— by updateandby invalidation.

In theupdateprotocol,we needtheclient to detectwhena callbackhasoccurred.
This canbedoneby associatinga uniquesessionID that is associatedwith theremote
plan. This sessionID is carriedalongwith the plan to the remoteproxy, and to any
subsequentremotecalls that the proxy may make. Now, if the server calls the client
remotely, theclientwill beableto detectthatit is acallbacksincethesessionID will be
known to theclient. If this happens,thentheclient sendsanupdatedcopy of thevari-
ablesassociatedwith thesessionID to theserverbeforereturningfrom theremotecall.
Theservershouldusethefreshcopy of thevariablesafterthecurrentcall is finished.

If an invalidationprotocolis used,thentheserver mustinspectthemethodsbeing
called.If aremotemethodmayresultin acallback,thenthemethodis executedanyway,
andan exceptionis thrown back to the client containinginformation regardinghow
far executionhasprogressed.The exceptionnotifiesthe client of a potentialcallback
situation,suchthattheclientmayresendtheportionof theremoteplanafterthemethod
thatresultedin a callback,alongwith anup-to-datecopy of theusedvariables.

6 Experimental Evaluations

We have testedour optimisationswith two examples.The first exampleis a simple,
syntheticbenchmarkto illustratethe potentialof the optimisations.The secondis an
exampleof a naively written programfound in the wild that may benefit from our
optimisations.

ThetestswereperformedusingtheLinux versionof theSunJDK version1.4.101,
acrossaFastEthernetnetwork (pingtimeis0.1ms,measuredbandwidthis 10.03MB/s)
andover theInternetvia aslow ADSL connection(ping time is 98ms,measuredband-
width is 10.7kB/s).Theclientmachinein all testswasanAthlon XP 1800+basedPC.
Theserver for theEthernettestwasa 650MHzIntel Pentium-IIIPC,whilst theserver
for theADSL testwasa dual-processor700MHzPentium-IIIPC.

For eachtest,3 trials of 1000iterationswereperformed,andthemeantakenasthe
result.

6.1 Vector Arithmetic

We have evaluatedour framework usinga simplesyntheticbenchmarkin which the
server objectprovidesa singlemethodtakestwo equal-sizedarraysof typedouble ,
addsthem together, and returnsthe resultingarray. In order to test aggregation,the
clientapplicationexecutesa sequenceof remotecallsof theform:



tmp1 = r.add(v0, v1);
tmp2 = r.add(tmp1, v2);
result = r.add(tmp2, v3);

This benchmarkenablesus to easilyobserve theeffect of our optimisationframe-
work aswevarythesizeof thedata,thenumberof callsaggregatedandvariousparam-
etersof theframework.

We have testeda baselineconfigurationwith no aggregationoccurring,andcon-
figurationscontainingfrom 2–5aggregatedcalls.For eachconfiguration,we vary the
vectorsizefrom 1 to 1024doubles,doublingthevectorsizeat every step.We teston
boththeEthernetandADSL connections.

Weshow theresultsbeforeandafterapplyingtheframework onthebenchmarkpro-
gram.We have alsoprovidedresultsfor a ‘hand-optimised’versionof thetests(where
we provide manuallyaggregatedmethodson theserver andmake theclient call these
methods)for comparisonpurposes.

Results As canbeseenin theresultsin Figures8(a)–9(e),theoptimisationsgenerally
result in an overall speedupwhenever any aggregationoccurs.The exceptionsoccur
whenan Ethernetconnectionis used,with two aggregatedcalls andargumentsizeof
lessthan400bytes.This is dueto overhead.

In the baselinecasewith no aggregationoccurring,a slowdown will occurdueto
the sameoverheadbeing occurredbut without any compensatingspeedupfrom call
aggregation.This is easily observable in the Ethernettest, but is not evident in the
ADSL test due to the overheadbeing ordersof magnitudesmallercomparedto the
communicationtimes.

If we comparethe hand-optimisedversusthe automaticallyoptimisedresultsfor
the testson the Ethernetnetwork, there is a discrepancy of about0.5 ms per call,
which is mainly due to interpretive overheadfrom the Veneervirtual JVM and the
call-delaying/plan-building mechanism.However, this overheadremainsconstant,and
is thereforeall but invisible whenoperatingacrosstheInternetvia ADSL, sinceit has
muchgreaterlatenciesandis subjectto variationsthatcouldeasilyeclipsethe0.5 ms
overhead.

6.2 The MUD Example

TheMUD (Multi-User Domain)example[6] is a morerealisticexamplethatcontains
call aggregationpossibilities.Themaincandidatefor optimisationoccursin the look
methodof the MudClient class(shown in Figure10), which retrievesa description
of theroomandits contents.

Thisbenchmarkhas7 aggregatedcallswith a modestpayload— around100bytes
of textual information in total. We have written a test harnessthat calls this routine
repeatedly, recordingtheaveragetime percall. Cachingandserver-sideargumentdu-
plicationhavebeenenabled.
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Fig.8.Resultsfor thevectorarithmeticexamplerunningonaFastEthernetnetwork with varying
levelsof call aggregation
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Fig.9. Resultsfor the vector arithmeticexamplerunning over the Internetvia a slow ADSL
connectionwith varyinglevelsof call aggregation



String mudname = p.getServer().getMudName();
String placename = p.getPlaceName();
String description = p.getDescription();
Vector things = p.getThings();
Vector names = p.getNames();
Vector exits = p.getExits();

Fig.10.Codefor the look methodof theMUD example

Results As canbeseenin Table1, theMUD exampleshows a slight slowdown when
operatingwith anEthernetnetwork, but a largespeedupwith operatingover theInter-
net.

Table 1. Tableof resultsfor theaggregationoptimisationappliedto theMUD example

Time takento execute Without With Speedup
look (ms) optimisationoptimisation
Ethernet 5.4 5.8 0.93
ADSL 759.6 164.9 4.61

Thespeedupis lower thanwhatwe might expectfrom thevectorsbenchmarkwith
a similar numberof aggregatedcalls. This is partly becausethereis very little vari-
ablesharingoccurringbetweencalls— thesoleinstanceis thatbetweengetServer
and getMudName, where the result of getServer is usedas a receiver for the
getMudName method,and is then discardedwithout ever reachingthe client. This
is in contrastto thevectorsexample,whereeachcall usestheresultof its predecessor.

We show a breakdown of the time taken to executethe look methodin Table2.
As canbe seen,the majority of the time in both casesis spentin client-server com-
munication.However, on the Ethernetnetwork, the additionaloverheadson theclient
andserver sideareresponsiblefor abouta third of theoverall time, while the propor-
tion of time dueto overheadsis insignificantby comparisonwhenusingADSL (since
the overheadremainsconstantwhile the communicationtimeshave increased).If we
couldminimisetheoverheads,thenwe couldachieveasmuchasa 50%speedupwhen
operatingon anEthernetnetwork.

7 Future Work

Someideaswe havefor enhancingtheRMI optimisationfurtherare:

– By aggregatingcalls,we effectively build up knowledgeregardinga smallportion
of the client. This knowledgemay enableone to perform someinter-procedural
optimisationsthatarevalid for thatsequenceof callsonly by inlining thecallson
theserverside.Thecachingfacility couldserve to cachetheoptimisedcodealong
with theplan.



Table 2. Tableshowing a percentagebreakdown of the time spentexecuting1000iterationsof
the look methodin theMUD example

Factor EthernetADSL
(%) (%)

Remotemethods 0.62 0.06
UncachedRMI communication 0.78 0.35
CachedRMI communication 60.51 97.92
Client-sideoverhead 20.60 0.91
Server-sideoverhead 15.21 0.61
Argumentcopying overhead 2.29 0.15

– As mentionedin Section4.1, the mechanismto detectdata-dependenciestriggers
too easily. We intendto strengthenthis with the aid of escapeanalysis[17], such
thatcopying thereturnvalueof RMI callsinto otherdatastructuresdoesnot trigger
a forceunlessthatstructureis visible from outsidethecurrentthreadof execution.

– At present,loopsareeffectively unrolledasa remoteplan is built up. It may be
possibleto export theentireloopstructureto theserver in orderto decreasethesize
of theremoteplan.

– Insteadof consideringsimple ‘flat-types’ to decidewhento avoid copying argu-
ments,we canextendtheideasto fully-fledgedballoon-types[1] to allow anarbi-
trary level of type-nesting,providedthereareno externalreferences.

8 Conclusion

This paperpresentsan attemptto extend the scopeof run-time optimisationto dis-
tributedsystems.Conventionaloptimisingcompilers,andoptimisingvirtual machines,
focuson eachnodein a systemindividually. This work exploresoptimisationswhich
spanthe nodesof a distributedsystem.This raisesmany issues— includingsecurity,
thepotentialfor failure,andrun-timebindingof clientsto servers.

We have presenteda prototypetool which optimisesJava RMI applications.The
tool is basedon a powerful framework, essentiallya ‘virtual’ JVM, which allows the
run-timesystemto re-orderblocksof applicationcodesubjectto datadependencemeta-
datageneratedby staticanalysis.We usethis to implementtwo optimisationsof RMI
applications:call aggregation,andcall forwarding.These,in turn, leadto furtheropti-
misations,suchaseliminatingdatatransferacrossthenetwork for datapassedbetween
aggregatedcalls.

Wepresentperformanceresultsfor simpleexampleswhichdemonstratetheperfor-
mancepotentialfor theseoptimisations.We alsoshow preliminaryresultsfor a more
substantialapplication,which demonstratethat optimisationopportunitiesdo arisein
realsystems.

Ourprototypeimplementationis basedonaverypowerfulexperimentalframework,
and this incurs somerun-timeoverheadswhich we hopeto reducein time. Thereis
enormousscopefor morepowerful analysisandmoreambitiousoptimisations.
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